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The dynamics of monoatomic steps on the Au(110) surface was studied with a scanning tunneling mi-
croscope from room temperature to 590 K. The time dependence of the position fluctuations of steps
was measured as a function of temperature and kink density. The mean-square displacement of the po-
sition was found to be proportional to the square root of time. The proportionality constant exhibits Ar-
rhenius behavior and varies linearly with the kink density. The step dynamics is dominated by the
diflusion of geometrical kinks that cannot pass each other.
PACS numbers: 68.35.Fx, 05.40.+j, 61.16.Ch
Steps play a major role in many surface phenomena.
For instance, they can act as nucleation sites for the
growth of new layers and can provide preferred adsorp-
tion and reaction sites. The dynamics of steps is of cru-
cial importance for mass transport in growth and erosion
phenomena, as well as for surface phase transitions such
as surface roughening, deconstruction, and faceting. A
scanning tunneling microscope (STM) provides the
means to study step dynamics on the atomic scale [1-4].
The atomic mechanism underlying the thermal move-
ments of steps is nest yet fully understood. Up to now, the
STM has been used to investigate the so-called "frizzi-
ness" of steps on metal surfaces, for instance on Cu(001)
and Ag(111) [1-3). Frizziness is the phenomenon that a
step appears rough in the STM due to an undersampling
of the step in time. The results on the frizzy steps have
been interpreted in terms of the thermal creation of kink
pairs. In this scenario a pair of kinks of opposite direc-
tion is formed when one or more atoms either depart
from or attach to a previously straight section of the step.
In this Letter, we present a direct observation and a
temperature-dependent statistical analysis of step dynam-
ics on Au(110) performed with a high-speed, high-
temperature STM. The individual snapshot observations
show that the step fluctuates due to the diff'usion of preex-
isting kinks along the step and that thermal kink genera-
tion plays no role of importance in the step dynamics at
the investigated temperatures. The dependence of the
mean-square displacement of the step on time and kink
density indicates that the kinks move due to the exchange
of atoms between kink sites and adatom sites on the adja-
cent terraces. From the temperature dependence we
derive the activation energy for the movement of a single
kink.
The experiments were performed in ultrahigh vacuum
(p & 1 x10 ' mbar) with a STM specially designed for
use at high temperatures. This instrument has been used
to image various metal and semiconductor surfaces with
atomic resolution up to 750 K. The STM tip was
prepared by electrochemical etching of a 0.25 mm diame-
ter W wire and annealing in vacuum. The tip was further
prepared in situ by field electron emission and Ar ion
sputtering. The Au sample was chemically etched and
mechanically polished. It was cleaned in situ by cycles of
Ar ion sputtering and annealing to 550 K. The cycles
were optimized to produce a sharp (1 x2) low-energy
electron diffraction pattern with a low background inten-
sity. During the initial stages of sample preparation we
found with Auger-electron spectroscopy (AES) that the
surface was contaminated with Ca, which segregated
from the bulk to the surface. After several tens of clean-
ing cycles the level of impurities was below the 1% detec-
tion limit of AES. By radiative heating of the rear side of
the crystal, temperatures up to 590 K were obtained. The
temperature was monitored with an infrared pyrometer
(Ircon model 6000) and a chromel-alumel thermocouple
connected directly to the sample.
All STM data presented in this Letter were obtained
from measurements with the same tunneling current of
0.1 nA and bias voltages in the range of —0.2 to —0.9 V.
We have found no dependence of the step dynamics on
the applied bias voltage.
Figure 1 shows a sequence of four surface topographs
of Au(110), measured at 374 K, at a rate of 1 image
every 49 s. The images show an island of monoatomic
height on top of a terrace. The (1 x 2) missing-row
reconstruction of the surface is clearly present on both
the terrace and the island. Both steps in Figs. 1(a)-1(d)
are of the chiral, i.e., (111),type. All the step dynamics
discussed in this study concerns this low-energy type of
step. The steps on either side of the island contain kinks,
and the sequence of images in Fig. 1 shows the mobility
of the kinks at this temperature. Each movement of a
kink causes the position of the step to locally change by
one unit of the missing-row reconstruction. If the sam-
pling rate of the step position is slow compared to the mo-
bility of the kinks, this causes the occurrence of apparent
kink pairs. Arrows A in Fig. 1(d) indicate such an event,
where it appears as if the step contains two nearby kinks
of opposite direction. Each time that a kink crosses the
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line being scanned, the image shows a jump in the posi-
tion of the step. Multiple crossings of the kink through
the scan line lead to a typical telegraph noise of the step
location. These features have been observed on several
metal surfaces, even at room temperature [1-3, 5-8], and
have been termed "frizzes" [1]. We observe that the friz-
ziness decreases or even disappears completely when the
line rate of the measurement is increased su%ciently. At
high scan speeds and/or low temperatures (see Fig. 1) we
observe that the step dynamics occurs only by diAusion of
preexisting kinks in the steps. The kinks seem to diAuse
freely, but they do not pass each other, thus avoiding
"overhangs" in the step shape. We are forced to con-
clude that the thermal creation of kink pairs can only
play a minor role in the step dynamics on Au(110). This
is in contrast with the conclusions for Cu(001) and
Ag(111) in Refs. [1,2].
The STM images further reveal that all steps on the
surface are pinned. Arrow 8 in Fig. 1(a) indicates the
most common pinning center, which appears as an immo-
bile protrusion at a step. We assume that it consists of
one or more segregated Ca atoms. The typical density of
these protrusions is between 10 " and 10 monolayer,
and the average distance between protrusions along a step
is 400 A. If a step is not pinned precisely parallel to the
close-packed [110] surface azimuth, this local misorienta-
tion has to be accommodated via geometrically enforced
kinks. The local kink density is then the ratio of the
number of these geometrical kinks and the distance be-
tween the two pinning centers enclosing them. At all
temperatures in this study the pinning centers were im-
mobile. From the fact that the step dynamics at each
temperature depended only on the kink density and not
on the distance between the pinning centers, we conclude
that the pinning centers did not aAect the dynamics of the
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enclosed section of the steps. This enabled us to investi-
gate the step dynamics as a function of kink density, by
simply selecting step sections pinned along difterent
orientations. When the step was pinned perfectly along
the [110]direction, the step position between the pinning
centers did not move over large time intervals, again
demonstrating that thermal kink creation at these tem-
peratures is negligible.
We quantified the step mobility by measuring the step
position Auctuations in time, at a point midway between
the two pinning centers. This was done by repeatedly
scanning the same line along a direction perpendicular to
the step. A typical measurement of step positions as a
function of time is depicted in Fig. 2 for two neighboring
steps. The vertical axis denotes the lateral coordinate
perpendicular to the steps, and the horizontal axis corre-
sponds to time. Figure 2 demonstrates that the position
of a step could easily be determined with missing-row
resolution.
From the measured time dependence of the step posi-
tion x(t), we calculate the mean-square displacement
2o.„(t)=([x(t+to) —x(to)l ), where the angular brackets
denote an average over all times t0. Figure 3 shows a
double-logarithmic representation of a typical correlation
function, for a step with an average distance between
kinks of 64.3 sites, measured at 556 K. The inset shows
the same data on a linear scale. Clearly, cr (t) obeys a
po~er law. We find that the power is 0.48 ~0.05 for all
kink densities and temperatures. We can therefore write
cr, (t) =m(N, T)t —,where the prefactor m, which2( ) 0.48+ 0.05
is a measure of the step mobility, may depend on the
average number of lattice sites between kinks N and the
temperature T.
Figure 4 shows the dependence of m(N, T) on N for
dift'erent temperatures, which is described well by m(N,
T) =c(T)N —,where c(T) contains the temper-—0.96+ 0.12
ature dependence of the step mobility. In order to obtain
the activation energy for the movement of a single kink,
we fit m(N, T) for each temperature with c(T)N
Figure 5 shows an Arrhenius plot of c(T). The data fall
on a straight line, indicating that the step motion is a
thermally activated process. The slope of the line corre-
sponds to an activation energy of 0.7 ~ 0. 1 eV (see
below).
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FIG. 3. Log-log plot of rr„(t)of a step with an average dis-
tance between kinks of 64.3 lattice sites, at a temperature of
556 K. The mean-square displacements have been expressed in
units of the square of the missing-row spacing. The inset shows
o2(t) in a linear plot. The solid curves are power-law fits, with
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FIG. 4. Log-log plot of the mean-square-displacement pre-
factor m(N, T) versus average kink distance N for diiferent
temperatures. The prefactor m(N, T) has been expressed in
units of the square of the missing-row spacing. The solid lines
are fits with m(N, T) =c(T)N
Based on the observation at low temperature (Fig. I)
that the step motion is brought about by the diffusion of
geometrical kinks, we now try to model the dependence of
the step wandering on time, kink density, and tempera-
ture. At any observation point along the step, the step
displacement Ax(t), after time t, reflects the difference
between the number of kinks that have passed the point
from left to right and the number of kinks that have
passed in the opposite direction. If the kinks perform a
random walk and their motion is uncorrelated, the proba-
bility density for K kinks to pass from left to right is the
Gaussian (I/2ttvt) 't exp[ —(KN) /2vt], where v= vo
xexpf —E„~/kttT] is the kink displacement frequency.
The mean-square step displacement cr„(t),in a direction
perpendicular to the kink motion, is obtained from the
average number of kinks passing the observation point in
one direction:
Note that the activation energy E„tof 0.7 eU is twice the
slope of the straight line in Fig. 5 [see Eq. (I)]. Using
Eq. (I ), we calculate vo to be 10' —' Hz. E,, « is the ac-
tivation energy associated with the displacement of a kink
over one lattice site. Because of the reconstruction of
Au(110), such a displacement involves the exchange of
two atoms with the terrace, one in the first atomic layer
and one in the second. This might account for the low
value of vo compared to typical vibration frequencies.
We are currently calculating activation energies based on
the effective-medium theory [11].
The role of nonthermal kinks has also been suggested
by a recent study [3] of frizziness on two vicinal surfaces
of Cu(001). The (1&&2) reconstruction of Au(110) prob-
ably causes a subtle difference in dynamics with that
on Cu(001). For a nonreconstructed surface such as
o.(t) = 2 " 2/2„1 2ye " ' dy= ——vt
NJ2zvt "'
The time exponent of —,' which should also apply to
the mean-square displacement for long times of the indi-
vidual kinks, forms a general result for one-dimensional
diffusion of nonpassing objects (see, e.g. , [9]). The time
exponent of 2 further indicates that the kinks move by
exchanging atoms with a lattice gas of adatoms on the
adjacent terraces. When there is no exchange of kink
atoms with a lattice gas of atoms on the terraces, for ex-
ample, when kinks would only move by direct exchange
of atoms with neighboring kinks, the long-time dynamics
of both steps and kinks should slow down to a time ex-
ponent of —,' [10].
Equation (I ) describes both the time dependence of cr
(Fig. 3) and its dependence on N and T (Figs. 4 and 5).
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FIG. 5. Arrhenius plot of the prefactor c(T), expressed in
units of the square of the missing-row spacing. The solid line is
a fit according to c(T) ~exp(E„i/2k' T), with E„i=0.72 eV.
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Cu(001), it seems likely that after having detached from
a kink each adatom would perform a random walk along
the step, and finally stick either at the next kink or at the
original one. Within this scenario, the probability for a
newly evaporated adatom to reach the next kink before
revisiting the original one would be N '. This eA'ectively
causes the frequency with which the position of the kink
successfully changes to be reduced by a factor N '. As
explained above, the direct exchange of atoms between
neighboring kinks would lead to a time exponent of 4.
We thus expect o, (t) ccN ~ t '~ for surfaces such as
Cu(001). The fact that we observe a (t) cc N '/ '~ in-
stead on Au(110) is direct evidence for kink movement
via exchange of atoms with adjacent terraces. We sug-
gest that the missing-row troughs on Au(110) effective]y
shield the adatoms from the neighboring kinks [12].
The observations presented in this Letter demonstrate
that the step pinning by impurities can strongly increase
the kink density with respect to the thermally generated
concentration of kinks. Thus, while the pinning immobi-
lizes the steps on large length scales it makes them ex-
tremely dynamic on length scales below the average dis-
tance between pinning sites. Since defects and impurities
can never be avoided completely, one should expect this
general conclusion to apply also to crystal surfaces other
than Au(110). Finally, we propose that adsorbates that
increase the kink density via step pinning could act as
efficient promoters for catalytic surface reactions which
involve kink sites.
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